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INTRODUCTION - There are strong incentives for systéhad produce electric power at
very high efficiency. The incentives are conservation of natural resources, reduced emissions,
and lower cost of electricity as fuel costs escalate.

Energy Research Corporation (ERC) hamducted studies of hybrid poweycles in
cooperation with the U.S. Department of Energy, Morgantown Energy Technology Center
(METC) to identify a higher efficiency, economically competitive system. The basis of these
studies is the direct carbonate fuel cell being developed by ERC which can generate power at
an efficiency approaching 60% LHV. This uniguelfcell technology can consume natural gas
and other hydrocarbon based fuels directly without requiring an external reformer, thus
providing a simpler and inherently efficient power generation system. A 2 MW power plant
demonstration of this technology has been initiated at an installation in the city of Santa Clara
in California. A2.85 MW commercial configuration, shown in Figure 1, is presently being
developed. The plamcludes the carbonate fugdll modules, an invertetransformer and
switchgear, a heat recovery unit aupporting instrument air and water treatment systems.
The emission levels for thiz.85 MW plantare projected to be orders of magnitude below
existing or proposed standards. The 30 year levelized cost of electricity, without inflation, is
projected to be approximately 5¢/kWh.
HYBRID POWER CYCLE
DESCRIPTION - The hybrid
power cycle system shown in
Figure 2 includes a direct carbonate
fuel cell, a gas turbine, and a steam
cycle. Natural gas flows to the fuel
cell and the gas turbine. Air flows
to the gas turbine and exhaust from
the gas turbine flows to the fuel
cell. Anodeexhaust from the fuel
cell is oxidized providing heat to
Figure 1. 2.85 MW POWER PLANT: the gas turbine. Cathode exhaust

The Direct Fuel Cell Technology from the fuel cell flows to the

for the Hybrid Cycle steam cycle.
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Studies of a hybrid power
| DIRECT STEAM cycle have been
NATURAL GAS ARBONATE ™ CcYCLE —> EXHAUST
FUEL CELL conducted for a 200 MW
application and for a 20
HEAT EXHAUST MW near term
application. In addition,
GAS .
AR TURBINE the 3 MW commercial
o configuration of the
Figure 2. HYBRID POWER CYCLE: direct carbonate fuel cell
A Topping Cycle and a Steam Bottoming Cycle are added tosygiem has been studied
Fuel Cell with a steam bottoming

system, with a gas
turbine topping system, and with the hybrid power cycle. The performance of the hybrid power
cycle was analyzed using CHEMCAD system simulation software with an ERC developed
fuel cell model. Advantages of the hybrid power cycle are:
° competitive cost ° high efficiency
° low emissions ° insensitivity to ambient temperature

Initial studies concentrated on large (200 MW) power plants to take advantage of large turbine
systems. Subsequently, smaller and simpler plaete configuredfor more near term
application. These studies are discussed below.

HYBRID POWER CYCLE FOR

AR 200 MW APPLICATIONS - A
oxs hybrid power cycle at 200 MW size
- TURBINE - which generates power at an LHV
P T oxpzer efficiency in excess of 70% was

[ studied utilizing an atmospheric

pressure direct carbonate fuglll.

In this study the hybrid power cycle
AT had an LHV efficiency 0f72.6%
FUEL CELL which was achieved by using a high
r @ AT RECOVERY temperature heat exchanger to
transferfuel cell wasteheat to the
’ K FusL turbine. In order to achieve the 72%

A

efficiency potential of the hybrid
power cycle, technology and
TURBIN |, oo development advancements are
needed for heat exchangers capable
CONDENSER — of 1094°C and pressures up to 400
psig. In addition, amanode recycle
at 650C is required. This system
was described at the first METC
Figure 3. SYSTEM SCHEMATIC OF HYBRID  workshop on Very High Efficiency
POWER CYCLE: Fuel Cell/Advanced Turbine Power
Fuel Cell Waste Heat is Utilized by Heat Engines t@ycles.
Improve Efficiency

BOILER -_|
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HYBRID POWER CYCLE FOR 20 MW APPLICATIONS - A near term, simplified 20

MW power plant was also studied. In this system, shown in Figure 3, a lower temperature heat
exchange(761°C) is used to transfer fuel cell waste heat to the gas turbine. This allows the
use of more conventional heat exchanger technology which reduces cost and makes it possible
to build this plant sooner. Methane is internally reformed in the fuel cell at an H O/C ratio of
1.5, and fuel utilization in the fuel cell anode is 80%.

The unreacted H and CO flow to an oxidizer which operates at 761°C. Additional methane fuel
is compressed and flows to the gas turbine combustor. The gas turbine compressor delivers air
at 10 atm to a heat exchanger which heats the air to 589°C. The heated air then flows to the
gas turbine combustor where it is heated further to 982°C before flowing through the turbine.
Turbine exhaust containing O and CO flows to the anode exhaust oxidizer. Exhaust from the
anode exhaust oxidizer hetite compressed air in the heat exchanger before being recycled to
the fuel cell cathode. Exhaust from ttaghode at 670°C flows to the steam bottoming system.
The steam bottoming system includes a Heatovery SteanGenerator (HRSG), steam
turbine, condenser and condensate and boilergaetgs. The steam turbine includes an
extraction point for the steam to the fuel cell system. The HRSG includes a reheater for the fuel
cell system steam, a superheater, and a boiler. The system also includes a condensate reheater
and deaerator, not shown on the simplified schemdiixhaust leaves the system to the
atmosphere at 62°C.

Performance of the 20 MW hybrid system is summarized in Table 1. Sixty-five percent of the
power is produced by the fuel cell system, 16 % comes from a generator driven by the gas
turbine, and the remaining 19% comes from the generator driven by the steam turbine. There
is a 4% loss for pumps and blowers in the system. The overall efficiency of the hybrid power

I 0
cycle is 65.2% (LHV). Table 1. 20 MW HYBRID POWER
CYCLE PERFORMANCE:

COST OF ELECTRICITY - The 30 Overall Efficiency is 65%

year levelized cost of electricity for the 20

MW plant with a hybrid powercycle is MW
estimated at 5.1 ¢/kWhyithout inflation, POWER GENERATION
using methods recommended by EPRI| Gas Turbine 3.5
TAG® . This includes levelized plant cost || Fuel Cell 14.3
of 1.4 ¢/kWh, perating and maintenance Steam Turbme ‘é%
(O&M) cost of 1.3 ¢/kWh, and levelized $S?Z'E'C Power él. 1
fuel cost of 2.4 ¢/kWh. :
NET AC LHV EFFICIENCY _%
The 30 year levelized plant cost is based| Fuel Cell 57.2
on overall capital cost g81059/kW in Fuel Cell & Gas Turbine 52.6
1995dollars. This overall plant capital || Steam System 35.7
cost assumes $1000/kW fitre fuel cell Overall 65.2

system. The capital cost for the gas
turbine was estimated at $610/V and the steam system at $1960kw .

The O&M cost includes the fuekll systemO&M cost projected by ERC ad.8 ¢/kWh
including 5 yeastack replacement. The combined O&M costs for the gas turbine and steam
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system is estimated at 0.5 ¢/kVh . The levelized fuel cost of 2.4 ¢/kwWh is based on a first year
fuel cost of $3/MMBTU ($3.163/MMKJpnd a capacity factor d5.91. The calculated
levelizing factor isl.37%, aninterest rate of 5.3%, no inflation andu@! escalation rate of

2.5% per year.

COMPARISON WITH A 20 MW GAS TURBINE COMBINED CYCLE - For
perspective on the commercialization prospects for a 20 MW hybrid power cycle, a comparison
was made with a 20 MW gas turbioembined cycle.The comparison addressed issues of
performance, emissions and cost of electricity. The gas turbine combined cycle selected for the
comparison is a commercially available model rated at 18.7 MW. This system is composed
of a single gas turbine rated at about 13.4 MW and a 5.3 MW steam turbine. The pblished
heat rate is 6870 BTU/kWh (49.7% LHV efficiency). The 30 year levelized cost of electricity
for the 20 MW class combined cycle was estimated at 5.2 ¢/kWh, without inflation, using EPRI
TAG®. The 30 year levelizeplant cost is based on publisHeéd cost ofdbi@mercially
available model combined cycle, and estimates of installation and project cost, resulting in an
estimated plant capital cost of $954/kWhe O&M cost® ofthe combinedycle is in1995
dollars. Thedevelized fuel cost 08.1 ¢/kWh is based on the same assumptions as used to
estimate the fuel cost for the hybrid power cycle. A breakdown of cost of electricity is shown
in Table 2 in comparison with the hybrid power cycle. As shown in Table 2, the hybrid power
cycle COE fuelcost component a$3/MMBTU is significantly less than the fuel cost
component for the combined cycle, off-setting the higlart@nd O&M COE cost components

in the hybrid powecycle. Asfirst year fuelcosts increase, the COE cost advantage of the
hybrid system increases, as shown in Figure 4. The hybrid power cycle is competitive with the
combined cyclefor 20 MW installations inwhich the first year fuel cost is above
$2.5/MMBTU.

Table 2. . b h
HYBRID POWER CYCLE VS. EMISSIONS - A comparison between the

COMBINED CYCLE LEVELIZED COE NO, emiss_ions ofa hybrid power cycle and
a gas turbine combinaryclewas made on

Hybrid Power the basis ofequilibrium levels predicted
Cycle Combined Cycle | from the burners in the two systems at their
¢/kwWH ¢/kwH respective operating conditions. The results
Fuel 238 313 showed that the 20 MW hybrid power cycle
Plant 1.36 1.20 is expected to generate 83% less NOx than
O&M 1.31 0.83 a 20 MW gas turbine combined cycle.
Total 5.05 5.16

The emission of sulfur dioxide (SO ) is
expected to be onlgbout 1% of thdevel

from a gas turbine combinexycle because the fuel is desulfurized in the process. The
contribution of carbon dioxide CO to the atmosphere is expected to be about 24% lower than
a gas turbineombined cycle due tie higher efficiency. The over-all result is significantly
lower emissions for the hybrid power cycle.

3 MW DIRECT FUEL CELL WITH STEAM BOTTOMING CYCLE - One approach to
achieving anefficiency higherthan the57% expected for the2.85 MW commercial
configuration of the direct carbonate fuell system is to add steam bottomingycle. A
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schematic of this system approach is shown in Figure 5. The fuel cell cathode exhaustat 677
flows to a heat recoversteam generator, HRS@&heresteam is raised. About 35% of the
steam flows to the fuel cell where it is used in the steam reforming process within the carbonate
fuel cellstacks. The remainirgfeam

flows to a steam turbine/generator.
Exhaust from the steam turbine is
condensed and recycldshck to the

boiler. Water make up in the system is
needed tmffset the steam used in the

fuel cell system.

-
S =

[ 20MW COMBINED CYCLE \ PRy
- ‘/"

COE,

¢/kWh In studies of this systentywo steam

turbine configurations were considered.
In one configuration the steam expands
through a single stage non-condensing
. . . . . turbine to a pressutevel ofabout 20
2 3 4 5 6 7 8 psia. Thirty-five percent of the steam
FIRST YEAR FUEL COST, $/MMBTU wssx  lOWS to the fuel cell and the remainder
Figure 4. EFFECT OF FIRST YEAR FUEL is condensed anécycled. In the other

20MW HYBRID CYCLE

S = N W A OO N ® ©
LI B | W S —

COST ON COST OF ELECTRICITY : configuration studied, the remaining
Hybrid Cycle Provides Significant Advantage steam at 20 psia flows to a condensing
at High Fuel Costs turbine where itexpands to 0.7 psia

(32°C) before being condensed. For
simplicity in this small steam plant
size, no reheat of the 20 psia steam was
included as in the systefor 20 MW

oXIDIZER near term application described above.
" @—4:— The efficiency of the carbonate fuel cell
with steam bottoming is shown in
* Figure 6. The total system efficiency is
AT e shown. as a function pf thc_ateam
FUEL CELL bottoming system configuration and
¥ é steam conditions of pressure and
HEAT RECOVERY
superheat temperature. Also shown on
FUEL Figure 6 isthe poweroutput of the

steam turbine at discreet points. With
steam bottoming, the direct carbonate
TURBINE S - fuel cell can deliver power at an
efficiency of 63% to 65.5% depending
CONDENSER worsssax on the configuration and conditions of
the steam bottoming system.

BOILER -_|

3 MW DIRECT FUEL CELL WITH
GAS TURBINE TOPPING -
Figure 5. 3 MW SYSTEM WITH STEAM CYCLE: Another approach to achieving an
Fuel Cell Waste Heat is Utilized to efficiency higher than the 57%
Improve Efficiency



expected for the 2.85 MW commercial configuration of the direct carbonate fuel cell system is
to include a gas turbine topping cycle as shown in Figure 7. In the topping cycle, air from the
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gas turbine compressor flows through a heat exchanger whene@téxd to about 1408. The
heated air then flows to the gas turbine bumileere asmall amount of raw fuel is burned

raising the stream to about 16@0before expanding through the turbine. The turbine exhaust
flows to the fuel cell anode exhaust oxidizer. Exhaust from the anode exhaust oxidizer flows
to the heat exchangerhich provides the heat for the compressor air. The exit from the heat
exchanger flows through tlieel cell cathode providing the oxygen and carbon dioxide needed

in the carbonate fuekell process. Thefficiency of thecarbonate fuetell with gas turbine
topping is shown in Figure 8 as a function of the total power delivered.
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Figure 6. 3 MW DIRECT FUEL CELL WITH STEAM

BOTTOMING:

3 MW DIRECT FUEL
CELL WITH GAS
TURBINE TOPPING AND
STEAM BOTTOMING -
The hybrid powercycle in
3MW size combines both the
topping and bottoming cycle as
shown in Figure 3. The
efficiency breakdowrfor the
hybrid power cycle for a 3
MW plant is shown in Figure 8
as a function of the power
generated. The basic fuel cell
efficiency of 57% is shown as

A 2 Stage Steam Turbine can Raise Efficiency Above 63R¢ll as the efficiency with just

AR

FUEL

DIRECT
CARBONATE
FUEL CELL

A
@ HEAT RECOVERY

FUEL

A

BOILER |

WATER
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Figure 7. CARBONATE FUEL CELL
WITH TOPPING CYCLE:
Over 61% Efficiency can be Achieved

the topping cycle and with the
combinedtopping and steam
bottoming system for the two
versions of the steam
bottoming cycle previously
discussed. The peak
efficiency achievable is about
69%.

ECONOMICS OF

IMPROVED EFFICIENCY

- An important issue in
developing advanced high
efficiency systems is the
comparative economics of
adding additional system
complexity to achieve higher
efficiency. The question is,
does the efficiency benefit
offset the added capital cost?
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70 To answer this question, a

‘ FUEL CELL, e':' TorpinG, Preliminary study was
HP & LP STEAM BOTTOMING |1 cted t@stablish a break-
85 even cost for the added

equipment (i.e., the value of
the added equipment in terms
sor ] of fuel savings). The projected
o«—[FUEL CELL] 30 vyear levelizedcost of
55 | electricity for the2.85 MW
[ FuEL cELL + GT TOPPING| carbonate fuel cell commercial
. . . . . . . . configuration is shown in
%600 3200 3600 4000 4400 Table 3. Fuel cost at 57%
POWER , kW efficiency is estimated at 2.7

" ¢/kWh based on a fuel cost of
Figure 8. 3 MW DIRECT FUEL CELL WITH GAS  $3/MMBTU. Plant cost is

TURBINE TOPPING & STEAM BOTTOMING: estimated at.3 ¢/kWh based
Efficiency of 69% can be Achieved on assumed capital cost of
$1000/kW. A break-even cost
for added equipment in the steam bottoming system and the gas turbine tygfEngas
established as the cost saving from the reduced fuel cost at higher plant efficiencies. The break-
even cost for the steam bottoming system is shown in Figure 9. The break-even cost of the
steam bottoming equipment is between $2200/kW and $4000/kW, depending on fuel cost. This
represents the value of the steam system in dollars per kilowatt of power generated by the steam
system.

Table 3. LEVELIZED COE: By comparison, the break-even cost of the gas
3 MW Fuel Cell System turbine topping cycle equipment is between
1995 $. Without Inflation $1500/k_W gnd $2300/kW, depending on fuel cost, as

shown in Figurel0. Typical cost for a small gas

: turbine generator is shown in Figure 11. In the range
Levi'}i\elthOSt’ of interest for a topping unitith a 3 MW fuel cell
the gas turbinavould provideabout 400 to 1000
Fuel (@ $3/MMBtu) 2.7 kW. In this range the cost is expected to be about
g'grl\‘/lt ig $1000-1200/kW Additional equipment required for
TOTAL 59 tbr;e toppingeycleincludes the heat exchanger and a
ower.

RESEARCH AND DEVELOPMENT NEEDS FOR HYBRID POWER SYSTEMS -

Studies of the hybrid power cycle have established the expected efficiency in plant sizes of 200
MW, 20 MW and 3MW. Initial emphasis on a 3-10 MW system is recommended to limit the
cost of initial system demonstration. To advance the hybrid power cycle concept further, more
detailed system integration and optimization studies with turbine vendor participation are
needed. More detailed study is needed to minimize complexity and maximize reliability and
to define the operationalspects of start-up, transients, off-design operatimglitions and
supporting balance of plant equipment and utilities.
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4500 In particular, it is necessary
to identify small, efficient,
%4000- HP + LP STEAM SYSTEM Iow_ cost steam and gas
= 444 KW turbine systems. Interface
§ 3500 details between the fuel cell
z and turbine systems must be
E 3000 e.StainShed.. . Although
< higher  efficiency  has
E HP STEAM SYSTEM . | d
more detailed economics
must also be developed to
2000

1 2 3 n 5 6 establish the cost of

FUEL COST, $/MMBtu electricity incentive for the
. motesthigher  efficiency  under
Figure 9. VALUE OF STEAM BOTTOMING CYCLE  yarious fuel cost scenarios.

FOR 3 MW POWER PLANT:

The Steam Bottoming Cycle has a Value Demonstration testing is
of $2200/kW at $2/MMBTU Fuel Cost needed on fuel cell stacks to
confirm performance

expectations atybrid cycle

conditions, on the small
turbines at their respective
hybrid cycle conditions,

and on a 3-10 MW total
system to validate the
system integration and

characteristics for
2r commercialization.
GAS TURBINE TOPPING SYSTEM |
474 kW

STEAM TURBINE BOTTOMING SYSTEM
407 kW

BREAKEVEN COST, $/kW
«

1 , . ) ) CONCLUSIONS - A 20
1 2 3 4 5 6 MW hybrid power cycle for
FUEL COST, $/MMBtu o€ term application using
available technology,

Figure 10. VALUE OF TOPPING & BOTTOMING
CYCLE FOR
3 MW POWER PLANT:
A Bottoming Cycle has Higher Value

including a 760°C heat
exchanger, with steam
provided from the bottoming
cycle steam system rather
than anodeecycleresult in an estimated (unoptimized) LH¥ficiency of65%. The NQ
emissions are 83%werthan a 20 MW gas turbim®mbined cycle. The estimated cost of
electricity for the near term 20 MW plamiith a hybrid powerycle is5.1 ¢/kWh, which is
competitive with a 20 MW combined cycler installationswhere the fuetost is above
$2.5/MMBTU.

At 3-4MW scale, the atmospheric pressure direct carbonatecdilietystem can achieve

optimum efficiencies approaching 70% (LHV) when integrated with steam and gas turbines in

a hybrid cycle system.
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2000 — Efficiencies apprqaching
1800 | e S T e | opon e ot o

2 1600 [ AR CorLED GENERATOR when integrating the fuel cell

= _ AREA OF STARTING SYSTEM with just a steam bottoming

o 1400 |- INTEREST Aggg% g@.m;\g ngcn.uoss: system. A steam system

8 1200 | SKID AND ENCLOSURE costing less than $2300/kW

; 1000 | . EXHAUST SLENCER is economically competitive

S 800 | . REF: GAS TURBINE WORLD for applicationswhere the

W - « |7 fuel cost is $2/MMBtu.

% 600 | ’

B * e o $ .
400 - g 2RI Research and development
200100 500 10(|)oo 190000 needs to realize this
POWER OUTPUT , kW pote_ntlal _mcludg further
wrenStudies with turbinevendor
participation to confirm and
Figure 11. GAS TURBINE SYSTEM COST: optimize performance and
Limited Data in Size of Interest cost  projections  and

establish system interfaces.
In addition, demonstration testing is required to validate system integration and characteristics
for commercialization.
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